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The essential function of Mec1 and Rad53 in S. cere-Clare Hall Laboratories
visiae is to promote deoxyribonucleotide triphosphateBlanche Lane
(dNTP) production during S phase to coincide with DNASouth Mimms, Hertfordshire EN6 3LD
replication. This is achieved via phosphorylation andUnited Kingdom
degradation of Sml1 (Zhao et al., 2001), a stoichiometric
inhibitor of ribonucleotide reductase (Rnr). The lethality,
but not the DNA damage sensitivity of mec1 and rad53Summary
mutants is rescued by elevating dNTP levels through
disruption of the sml1 gene or overexpression of RnrRad53 and Mec1 are protein kinases required for DNA
large subunits (Desany et al., 1998; Zhao et al., 1998).replication and recovery from DNA damage in Sac-
Most of the known functions of Rad53 in the DNA dam-charomyces cerevisiae. Here, we show that rad53, but
age response are dependent upon its activation by thenot mec1 mutants, are extremely sensitive to histone
upstream kinases Mec1 and Tel1. However, the fact thatoverexpression, as Rad53 is required for degradation
rad53 sml1 mutants have a slow growth phenotype,of excess histones. Consequently, excess histones ac-
which is absent in mec1 sml1 cells, argues that Rad53cumulate in rad53 mutants, resulting in slow growth,
has a Mec1-independent role during normal cell cycleDNA damage sensitivity, and chromosome loss phe-
progression (Zhao et al., 2001). Like deoxyribonucleo-notypes that are significantly suppressed by a reduc-
tides, histone synthesis is coordinated with DNA replica-tion in histone gene dosage. Rad53 monitors excess
tion. In proliferating cells, the majority of histones arehistones by associating with them in a dynamic com-
synthesized during S phase. During DNA replication, theplex that is modulated by its kinase activity. Our results
preexisting histones are randomly segregated onto theargue that Rad53 contributes to genome stability inde-
leading and lagging strands of the replication fork. Con-pendently of Mec1 by preventing the damaging effects
comitant with this process, histone chaperones depositof excess histones both during normal cell cycle pro-
newly synthesized histones almost immediately behindgression and in response to DNA damage.
the replication fork (Sogo et al., 1986). Rapid histone
deposition is mediated through direct binding of chro-Introduction
matin assembly factor 1 (CAF-1) to the proliferating cell
nuclear antigen (PCNA), a DNA polymerase processivityCells have evolved a number of surveillance mecha-
factor (Shibahara and Stillman, 1999; Krawitz et al.,nisms to preserve genomic integrity. Defects in these
2002). Importantly, delays between DNA synthesis andmechanisms increase the incidence of mutations and
histone deposition lead to a loss of viability in S. cerevis-genome instability, which are implicated in oncogenesis.
iae (Han et al., 1987) and yeast cells lacking the histoneUpon DNA damage or replication stress, checkpoint re-
chaperones CAF-1 and Asf1 are prone to genomic insta-sponses arrest the cell cycle to provide additional time
bility and chromosome rearrangements (Myung et al.,for efficient repair (Weinert et al., 1994). Cell cycle pro-
2003). In human cells, histone gene repression and dom-gression resumes after the damage has been repaired.
inant-negative forms of CAF-1 trigger spontaneous DNAIn Saccharomyces cerevisiae, two essential protein ki-
damage and S phase arrest (Nelson et al., 2002; Ye et
nases, Mec1 and Rad53, play multiple roles in the DNA
al., 2003). Consequently, S phase cells need to maintain
damage response. Mec1 belongs to the conserved fam-
an abundant supply of newly synthesized histones to
ily of phosphatidylinositol 3-kinases (PI3-kinases) and ensure rapid histone deposition behind the replication
is related to fission yeast Rad3 and human ATM and fork. However, as a result of their strong affinity for DNA,
ATR. Rad53 also has homologs in fission yeast (Cds1) histones can bind nonspecifically to DNA and interfere
and humans (CHK2). In addition to delaying cell cycle with many processes that require access to genetic in-
progression, Mec1 and Rad53 protect cells against DNA formation. In vitro experiments have shown that even a
damage via a number of other functions. DNA damage slight stoichiometric excess of histones over DNA is
during S phase slows down the rates of replication fork sufficient to trigger chromatin aggregation and block
elongation independently of checkpoint kinases (Tercero transcription (Steger and Workman, 1999). In yeast, his-
and Diffley, 2001) and triggers a Rad53/Mec1-depen- tone overexpression greatly increases the incidence of
dent block in the firing of late origins (Santocanale and mitotic chromosome loss (Meeks-Wagner and Hartwell,
Diffley, 1998). As a result, DNA damage leads to an 1986). In Drosophila, mutations that cause inappropriate
abrupt decrease in DNA synthesis (Paulovich and Hart- accumulation of histone mRNAs lead to defects in oo-
well, 1995). In addition, Mec1 and Rad53 are required genesis (Berloco et al., 2001) and developmental arrest
to prevent both spontaneous and DNA damage-induced (Sullivan et al., 2001). Therefore, S phase cells need to
collapse of replication forks (Desany et al., 1998; Lopes achieve a very delicate balance between histone and
et al., 2001; Tercero and Diffley, 2001; Cha and Kleckner, DNA synthesis. Cells have evolved elaborate strategies
to maintain this balance. This is illustrated by the fact
that DNA replication arrest elicits a conserved response*Correspondence: alain.verreault@cancer.org.uk
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leading to the disappearance of histone mRNAs. In pressed by coexpression of the histone chaperone Cac1
(Supplemental Figure S2). Surprisingly, the Asf1 protein,yeast, this is achieved through histone gene repression
(Sutton et al., 2001), whereas higher eukaryotes trigger which binds to both Rad53 and histones H3/H4, was
dispensable for tolerating histone overexpression (Fig-degradation of histone mRNAs (Dominski et al., 2003).
Asf1 is an evolutionarily conserved protein that functions ure 1A). Interestingly, mec1 sml1 cells were not sensi-
tive to histone overexpression. Like Mec1, Tel1 is ain concert with CAF-1 (Tyler et al., 1999) and Hir proteins
(Sharp et al., 2001) to promote the assembly of histones member of the PI-3 kinase family that functions up-
stream of Rad53 and can partially substitute for Mec1H3/H4 into nucleosomes. Interestingly, unlike cells lack-
ing CAF-1 or Hir proteins, asf1 mutants are very sensitive (Sanchez et al., 1996). However, neither tel1 nor mec1
tel1 sml1 triple mutant cells were sensitive to histoneto DNA damage. Recent studies have shown that Rad53
exists in a dynamic complex with Asf1 (Emili et al., 2001; overexpression. The triple mutant strain exhibited slow
growth on glucose and galactose media, but this defectHu et al., 2001). Upon DNA damage or replication arrest,
the hyperphosphorylated and activated form of Rad53 was not exacerbated by histone overexpression (Figure
1A). Hence, we have uncovered a function of the Rad53dissociates from Asf1. This suggests that Rad53 and
Asf1 play a role in regulating histone metabolism in re- kinase in histone metabolism that is independent of the
upstream kinases Mec1 and Tel1.sponse to DNA damage. In this study, we investigated
the role of Rad53 in histone metabolism. We show that Like rad53 mutants, mec1 mutants also have check-
point and replication defects. However, only rad53 mu-Rad53, but not Mec1, is required for degradation of
excess histones that are not packaged into chromatin. tants were sensitive to histone overexpression, arguing
that excess histones did not merely kill cells that haveAs a consequence, rad53 mutants accumulate abnor-
mally high amounts of soluble histones and are sensitive defects in replication or the DNA damage response. To
provide further support for this argument, we testedto histone overexpression. Remarkably, the DNA dam-
age sensitivity, slow growth, and chromosome loss phe- whether mrc1 (Mrc1 is an activator of Rad53 upon repli-
cation stress, Osborn and Elledge, 2003) or DNA primasenotypes of rad53 mutants can be significantly sup-
pressed by disruption of one of the two loci encoding mutants (Francesconi et al., 1991) were also sensitive
to histone overexpression. Neither the mrc1 (Figure 1A)histones H3/H4, arguing that these phenotypes are
partly due to the presence of excess histones. We further nor the pri2-1 (Figure 1B) mutant exhibited any sensitiv-
ity to histone overexpression. Thus, excess histonesdemonstrate that Rad53 associates with histones in vivo
and this interaction is modulated by its kinase activity. were not generally toxic to cells with replication or
checkpoint defects.Taken together, our data suggest the existence of a
Rad53-dependent surveillance mechanism that bal- We also investigated if rad53 mutants were sensitive
to overexpression of other highly basic proteins. Weances the rates of DNA replication and histone synthesis
during S phase and in response to DNA damage. expressed Hho1 (Downs et al., 2003), a histone H1-like
chromosomal protein (pI  11.32; pI  11.36 for histone
H3) or the ribosomal protein Rpl25 (pI  10.92). Rpl25Results
is imported into the nucleus, where it is assembled into
preribosomal particles (van Beekvelt et al., 2001). Bothrad53 Mutants Are Sensitive
proteins were highly expressed (Supplemental Figureto Histone Overexpression
S4 and data not shown), but Hho1 and Rpl25 were notAs a first step toward investigating the role of Rad53 in
significantly toxic to rad53 mutants compared with corehistone metabolism, we examined the effect of histone
histones (Figure 1C). Thus, rad53 mutant cells were notoverexpression on the growth of wild-type and rad53
generally sensitive to expression of basic nuclear pro-mutant strains. Strains carrying a plasmid encoding a
teins.galactose inducible, hemagglutinin (HA)-tagged histone
H3 gene or the empty vector were plated on glucose or
galactose media in 10-fold serial dilutions (Figure 1A). Degradation of Overexpressed Histones
Is Impaired in rad53 MutantsNo difference was observed in the growth of wild-type
cells on glucose or galactose. In contrast, the rad53 To determine why rad53 mutants were sensitive to his-
tone overexpression, we followed the fate of the over-strain (carrying the sml1-1 mutation to suppress the
lethality due to rad53 deletion) was very sensitive to expressed histones in wild-type and rad53 cells. A
HIS10-HA epitope tag on the N terminus of overex-histone overexpression as indicated by its reduced abil-
ity to grow on galactose media. The rad53 strain was pressed H3 reduced its mobility in SDS-polyacrylamide
gels compared to the endogenous histone H3. Hence,sensitive to overexpression of tagged or untagged ver-
sions of the four core histones, either individually or in the two proteins were readily distinguished from each
other in Western blots probed with an antibody againstpairs (Supplemental Figure S1A available online at
http://www.cell.com/cgi/content/full/115/5/537/DC1). A the C terminus of H3. These experiments were carried
out in cells arrested in G1 with -factor to ensure thatstrain with a point mutation that severely impairs the
kinase activity of Rad53, rad53K227A SML1 (Sun et al., overexpressed histones would not be packaged into
chromatin. In wild-type and mec1 strains, tagged his-1996; Pellicioli et al., 1999), was as sensitive to histone
overexpression as the rad53 sml1-1 strain (Figure 1A). tone H3 was rapidly degraded upon glucose mediated
repression of the GAL promoter (Figure 2A). No taggedThis result implied that the kinase activity of Rad53 was
required to tolerate excess histones. The sensitivity of histone was detectable 60–80 min after the addition of
glucose to wild-type or mec1 cells. In contrast, overex-rad53 mutants to histone overexpression resulted from
the toxic effects of free histones because it was sup- pressed histones were not degraded efficiently in rad53
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Figure 1. rad53 Mutants Are Sensitive to Histone Overexpression
(A) rad53, but not mec1 mutants are sensitive to histone overexpression. Strains transformed with either a vector encoding galactose inducible,
HA tagged histone H3 (2-URA3-GAL-HIS10-HA-HHT2) or the empty vector (pYES2) were grown overnight in minimal medium without uracil
(to select for the plasmids) and containing 2% raffinose as carbon source. Synthesis of tagged H3 was induced by addition of 2% galactose
for 3 hr, and 10-fold serial dilutions of each strain were plated on minimal media minus uracil, with either glucose or galactose as carbon
source. The plates were incubated for 4 days at 30C.
(B) Temperature sensitive DNA primase mutants are not sensitive to histone overexpression. Strains carrying 2-URA3-GAL-HIS10-HA-HHT2
or pYES2 were processed as described in (A), except that identical plates were incubated for 5 days at the permissive (25C), semipermissive
(30C), or the restrictive (37C) temperature for the pri2-1 mutation.
(C) Core histones are more toxic to rad53 mutants than other basic proteins. Strains carrying 2-URA3-GAL-HA3-RPL25, 2-URA3-GAL-
HA3-HHO1, or 2-URA3-GAL-HIS10-HA-HHT2 were processed as described in (A).
mutants and the tagged H3 never fully disappeared even addition of glucose and were no longer detected in the
soluble fraction after an hour (Figure 2B, lane 5). How-after 2 hr (Figure 2, Supplemental Figure S4, and data not
shown). Importantly, the level of nontagged endogenous ever, this degradation was impaired in rad53 cells and
tagged histones persisted even one hour after additionH3 did not change during the course of these experi-
ments. To test whether rad53 mutants were defective of glucose (Figure 2B, lane 11). Compared with wild-
type, rad53 cells accumulated significantly higherin protein degradation in general, we overexpressed HA-
tagged Hho1. Both wild-type and rad53 mutant cells amounts of degradation intermediates derived from the
N terminally tagged histone, especially one hour afterefficiently degraded nonchromatin bound HA3-Hho1 in
less than 20 min (Supplemental Figure S4). In a similar the switch to glucose medium (Figure 2B, compare the
lower band in lanes 10 and 12 to that in lanes 4 and 6).experiment, expression of the tagged histone H3 was
induced as cells progressed through S phase such that Both wild-type and rad53 cells incorporated similar
amounts of the tagged histone H3 into their chromatina fraction of it would get incorporated into chromatin.
Expression of tagged H3 was induced with galactose during the course of the experiment (Figure 2B, compare
lanes 6 and 12). These results demonstrated that Rad53in G1 and cells were released from the G1 arrest for 1
hr in the presence of galactose. At this point, a fraction was specifically required for degradation of excess core
histones that were not packaged into chromatin.of the cells were harvested and the rest were transferred
to glucose medium for one extra hour. Cellular proteins
were separated into soluble (S) and chromatin pellet rad53 Cells Accumulate Excess Histones
The ability of Rad53 to promote degradation of solublefractions (P) as depicted in Figure 2B. The level of tagged
histones in each fraction was estimated by Western histones that cannot be packaged into chromatin may
be important to prevent accumulation of excess endog-blotting with HA antibody. At the end of S phase in
galactose, a significant fraction of HA-tagged histone enous histones at the end of S phase. We investigated
this possibility by synchronizing wild-type and rad53H3 was found in the soluble fraction in both wild-type
and rad53 cells (Figure 2B, lanes 2 and 8). In wild-type cells in G1 with -factor and releasing them for 50 min
to allow completion of a single round of S phase. Cellscells, the tagged histones were rapidly degraded upon
Cell
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Figure 2. rad53 Mutants Are Deficient in Degradation of Overexpressed Histones
(A) Histones expressed in G1-arrested cells persist in rad53 mutants. Strains carrying the 2-URA3-GAL-HIS10-HA-HHT2 plasmid were
processed as depicted. Cells were harvested every 20 min after switching to glucose and frozen in liquid nitrogen. The levels of tagged H3
and chromosomal histone H3 were quantitated by Western blotting using the H3-C antibody. The amount of undegraded HIS10-HA-H3 present
in each lane was normalized to endogenous H3 and is indicated as a fraction of the amount present at the time of glucose addition. The
appearance of a doublet for the tagged histone is variable and may reflect a degradation intermediate.
(B) rad53 mutants are specifically deficient in the degradation of non-chromatin bound histones. Wild-type and rad53 strains carrying the
2-URA3-GAL-HIS10-HA-HHT2 plasmid were processed as shown. Cells were harvested 0 or 1 hr after switching to glucose media and frozen
in liquid nitrogen. Soluble (S) and chromatin associated histones (P) were fractionated as illustrated. The tagged histones were analyzed by
Western blotting with antibody against the HA tag. WCE  whole-cell extract.
were harvested and the soluble protein (S) and insoluble chronous or synchronized cells. Similar amounts of
FLAG-tagged Cac1 and Hir2 were immunoprecipitatedchromatin fraction (P) prepared as before (fractionation
scheme in Figure 2B). The levels of endogenous histones from wild-type and rad53 strains (Figures 3C and 3E,
upper panels), showing that the level of these proteinsin each fraction were monitored by Western blotting
using polyclonal antibodies against the C termini of his- did not change in rad53 cells. In addition, there were
no significant differences in the total amount of H3 pres-tone H3 or H2B. At the end of S phase, virtually all
the histone H3 present in wild-type cells was in the ent in whole-cell extracts derived from each strain (Fig-
ure 3C, bottom panel). In striking contrast, the amountchromatin fraction (Figure 3A, compare lanes 1 and 3)
and very little, if any, was detected in the soluble fraction of histone H3 associated with FLAG-tagged Cac1 (Fig-
ure 3C, middle panel) was significantly higher in asyn-(Figure 3A, lane 2). However, significantly higher amounts
of histone H3 were detected in the soluble fraction de- chronous rad53 cells than in wild-type cells. The sml1
mutation, which is necessary to maintain viability ofrived from rad53 cells (Figure 3A, lane 5). The rad53
strain also exhibited high levels of histone H2B in the rad53 cells, did not affect the amount of histone H3
bound to Cac1-FLAG (Figure 3C). Further, mec1 mu-soluble fraction (Figure 3B, Western), suggesting that
all four core histones accumulated abnormally in this tants, which were not defective in the degradation of
excess histones, did not exhibit higher amounts of his-mutant. To provide more direct evidence for the accu-
mulation of newly synthesized histones in rad53 cells, tones bound to Cac1-FLAG (Figure 3D). Higher amounts
of histone H3 associated with Hir2-FLAG were also de-we measured the levels of histones associated with his-
tone chaperones. In budding yeast, two distinct groups tected in rad53 cells arrested in G1 with -factor or
cells synchronized in S phase (Figure 3E). These resultsof proteins have been implicated in parallel pathways
for de novo nucleosome assembly (Krawitz et al., 2002). show that rad53 mutants exhibit abnormally high levels
of histones associated with two distinct histone chap-These include the three subunits of the CAF-1 protein
(Cac1, Cac2, and Cac3) and a group of four functionally erones.
We also investigated whether genotoxic agents thatrelated histone regulator proteins (Hir1, Hir2, Hir3, and
Hpc2). We tagged the Cac1 and Hir2 proteins with three slow down replication result in an accumulation of his-
tones bound to chaperones. Upon treatment of S phasetandem repeats of the FLAG epitope on their C termini
in wild-type and rad53 strains. FLAG-tagged protein cells with methyl methane sulphonate (MMS), an alkylat-
ing agent that slows down replication (Tercero and Dif-complexes were immunoprecipitated from whole-cell
extracts (WCEs) prepared from equal numbers of asyn- fley, 2001), the amount of histones bound to Cac1-FLAG
Rad53 Regulates Histone Protein Levels
541
Figure 3. rad53 Cells Accumulate an Excess of Soluble Histones
(A and B) The rad53 strain exhibits an excess of soluble histones at the end of S phase. Wild-type and rad53 cells were grown overnight
in YPD, arrested with -factor for 2 hr, and released in pre-warmed YPD for 50 min at 30C to obtain cells in late S phase and G2. Extracts
were fractionated into soluble (S) and chromatin (P) fractions as illustrated in Figure 2B. Western blots containing equal amounts of proteins
from wild-type and rad53 cells were probed with H3-C (A) and H2B-C antibodies (B). The total amounts of proteins in the soluble fraction
derived from wild-type and rad53 cells were similar as judged by Ponceau S staining. WCE  whole-cell extract.
(C) Asynchronous rad53 sml1-1, but not sml1 or wild-type cells have high levels of histone H3 associated with Cac1-FLAG. WCEs were
prepared from the indicated strains and Cac1-FLAG immunoprecipitated with FLAG antibodies. Histone chaperones and associated histone
H3 were detected by Western blotting with FLAG and H3-C antibodies. No histone H3 was immunoprecipitated from extracts prepared using
strains lacking the FLAG tag. *, antibody heavy chains.
(D) Asynchronous rad53 sml1-1, but not mec1 sml1 cells contain high levels of histone H3 associated with Cac1-FLAG. WCEs were
prepared from the indicated strains and processed as described in (C).
(E) The levels of histone H3 associated with Hir2-FLAG in rad53 cells are abnormally high in both G1 and S phase. WCEs were prepared
from cells arrested in G1 with -factor () or late S phase cells (50 min after release from -factor; S) and processed as described in (C).
(F) Histone H3 accumulates on Cac1-FLAG upon MMS-induced DNA damage. WCEs were prepared from cells arrested in G1 with -factor
(0) or 20 and 50 min after release from -factor arrest. Where indicated, 0.033% MMS was added at the beginning of S phase (20 min after
release from -factor), and cells were incubated for an additional 30 min. WCEs were processed as described in (C).
increased in both wild-type and rad53 mutant cells. or prevent the repair machinery from gaining access to
DNA lesions. As such, histone overexpression wouldHowever, histone binding to Cac1-FLAG reached much
higher levels in rad53 mutant cells (Figure 3F). Similar lead to an increase in DNA damage sensitivity. To inves-
tigate this possibility, we examined the DNA damageresults were obtained upon replication arrest with hy-
droxyurea (HU), which blocks replication by depleting susceptibility of rad53 mutant strains upon histone over-
expression. Cells carrying the galactose inducible his-dNTP pools, and with Hir2-FLAG (data not shown). Thus,
Rad53 prevents the accumulation of newly synthesized tone H3 gene or the empty vector were plated on glucose
and galactose plates with or without DNA damaginghistones that occurs as a consequence of DNA damage
or replication stress during S phase. agents (Figure 4A). The sensitivity of rad53 mutants to
HU, ultraviolet radiation (UV), MMS, and Bleocin in-
creased substantially upon histone overexpression (Fig-Histone Overexpression Increases DNA Damage
Sensitivity without Causing DNA Damage ures 4A and 4B). It was formally possible that histone
overexpression enhanced the sensitivity of rad53 mu-or Rad53 Kinase Activation
As a result of their strong nonspecific affinity for DNA, tants by directly causing DNA damage. To test this, we
determined whether histone overexpression led to anexcess histones could potentially interfere with the ex-
pression of genes involved in the DNA damage response increase in Rad53 phosphorylation or activation of its
Cell
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Figure 4. Histone Overexpression Increases the DNA Damage Sensitivity of rad53 Mutants, but Does Not Activate the Rad53 Kinase
(A) The sensitivity of rad53 mutants to HU, UV, MMS, and Bleocin increases upon histone overexpression. Strains were processed as described
in Figure 1A.
(B) HU survival assay. The indicated strains were plated in duplicate on plates containing various concentrations of HU. Colonies were counted
after 4 days at 30C.
(C) Rad53-TAP purified from histone overexpressing cells does not have elevated kinase activity in vitro. Cells carrying either the empty vector
or the 2-URA3-GAL-HIS10-HA-HHT2 plasmid were grown overnight in minimal media with 2% raffinose minus uracil and then treated with
2% galactose for 4 hr. As a positive control for Rad53 kinase activation, wild-type cells carrying the empty vector were treated with 0.1%
MMS for 30 min. Rad53-TAP was purified and kinase assays carried out as described under Experimental Procedures.
(D) Histone overexpression does not lead to Rad53 hyperphosphorylation. Cells carrying the 2-URA3-GAL-HIS10-HA-HHT2 plasmid were
grown overnight in minimal media with 2% raffinose minus uracil and were left untreated (all lanes marked 1), treated with 2% galactose for
4 hr (all lanes marked 2), treated with galactose and -factor for 4 hr (all lanes marked 3), or treated with galactose and -factor for 4 hr
and released from -factor arrest for 1 hr (all lanes marked 4). W303MMS denotes wild-type cells treated with 0.1% MMS for 30 min.
Hyperphosphorylated (Rad53P) and unphosphorylated Rad53 were detected by Western blotting. The asterisk indicates a cross-reacting
band whose intensity varies according to loading and is present in all the lanes.
kinase activity. We assayed Rad53 hyperphosphoryla- after galactose-induced histone overexpression and its
kinase activity assayed with Rad53-TAP bound to IgG-tion using a polyclonal antibody that detects the slower
migrating forms of Rad53 that result from its phosphory- Sepharose beads. While the autophosphorylation activ-
ity of Rad53-TAP increased substantially when the ki-lation. This antibody clearly detected Rad53 hyperphos-
phorylation in wild-type cells treated with MMS (Figure nase was purified from MMS-treated cells, there was
no apparent increase in activity when the kinase was4D). However, no Rad53 phosphorylation was observed
upon histone overexpression in wild-type, rad53K227A, isolated from cells overexpressing histones (Figure 4C,
upper panel). We also tested the ability of purifiedor mec1 cells. This was true irrespective of whether
histone expression was induced in asynchronous cells Rad53-TAP to phosphorylate an equimolar mixture of
the four core histone proteins. Rad53-TAP clearly phos-(Figure 4D, lanes marked 2), cells arrested in G1 with
-factor (Figure 4D, lanes marked 3), or cells released phorylated core histones with a slight preference for
histone H3. This was not due to a contaminating kinase,from -factor arrest into S phase (Figure 4D, lanes
marked 4). This is consistent with our result showing as Rad53K227A-TAP did not have this activity (A.V.,
unpublished data). MMS treatment, but not histonethat the ability of Rad53 to protect cells against histone
overexpression is Mec1-independent (Figure 1A). This overexpression, enhanced the histone kinase activity of
Rad53-TAP (Figure 4C, lower panel). Therefore, althoughis in striking contrast to the DNA damage-induced hy-
perphosphorylation of Rad53, which is Mec1 dependent the kinase activity was required to survive histone over-
expression (Figure 1A), the presence of excess histones(Sun et al. 1996, Pellicioli et al., 1999). We also tagged
the chromosomal copy of RAD53 to express Rad53 with did not increase the basal activity of the Rad53 kinase.
These results also indicated that histone overexpressiona C-terminal tandem affinity purification (TAP) tag.
Rad53-TAP was affinity purified from cells before or did not cause DNA damage, which is known to enhance
Rad53 Regulates Histone Protein Levels
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Rad53 kinase activity. We further confirmed this by ana- Mec1. This is manifest in the fact that rad53 sml1
cells exhibit a slow growth phenotype, while mec1lyzing the phosphorylation of Rad9 (Gilbert et al., 2001)
and histone H2A (Downs et al., 2000), two proteins that sml1 cells do not (Zhao et al., 1998). The origin of the
slow growth phenotype of rad53 cells is not known,are rapidly phosphorylated upon DNA damage. We did
not detect any increase in either Rad9 or histone H2A but rad53 mutants have a prolonged S phase (Cha and
Kleckner, 2002). We asked whether deletion of hht2-phosphorylation upon histone overexpression in either
wild-type or rad53 mutant cells, although both proteins hhf2 could also rescue the slow growth phenotype of
rad53 cells. In a colony growth assay, rad53 cellswere clearly phosphorylated after a brief treatment with
MMS (data not shown). We also studied the localization formed colonies about one-third the size of wild-type
cells after 30 hr of growth on rich media plates. A rad53of the GFP-tagged DNA damage checkpoint protein
Ddc2 (also known as Lcd1), which associates with Mec1 strain carrying a deletion of the hht2-hhf2 gene pair had
the same colony size as that of wild-type cells (Figureand localizes to sites of DNA strand breaks (Melo et al.,
2001). This can be visualized at the site of a single dou- 5D), suggesting that the slow growth phenotype of
rad53 cells was mainly due to the presence of excessble-strand break induced by HO endonuclease at the
mating type locus (Melo et al., 2001). We did not observe histones. In S. cerevisiae, Rad53 plays an essential role
in DNA replication by promoting degradation of the ribo-any Ddc2-GFP foci during a time course of up to 12 hr
following galactose addition to induce histone over- nucleotide reductase inhibitor Sml1, thereby allowing
dNTP synthesis and replication (Zhao et al., 2001). Weexpression (Supplemental Figure S5 available online at
http://www.cell.com/cgi/content/full/115/5/537/DC1). did not recover any rad53 hht2-hhf2 SML1 progeny
upon sporulation of diploid cells (data not shown).In addition, because mec1 mutants are very sensitive
to a variety of DNA damaging agents, the fact that mec1 Therefore, the essential function of Rad53 could not be
bypassed by disruption of hht2-hhf2 in this context.cells are not sensitive to histone overexpression (Figure
1A) strongly supports our argument that excess histones Nevertheless, rad53 hht2-hhf2, but not mec1 hht2-
hhf2 mutant cells expressing Sml1 from the GAL pro-do not result in any detectable DNA damage. Hence,
the acute sensitivity of rad53 mutant cells to histone moter showed moderate growth on galactose media
(Supplemental Figure S6), suggesting that a reductionoverexpression cannot be explained simply by excess
histones directly causing DNA damage. in histone gene dosage may partially bypass the essen-
tial role of Rad53.
A Reduction in Histone H3-H4 Gene Dosage
Suppresses the Phenotypes of rad53 Mutant Cells Binding of Excess Histones to Rad53 Is Modulated
by Its Kinase ActivityThe results showing that histone overexpression was
toxic to rad53 mutants (Figure 1A) and that rad53 cells Our studies raise the important issue of how Rad53
senses excess histones and targets them for degrada-accumulated excess histones (Figures 2 and 3) raised
the possibility that rad53 mutant phenotypes may be tion. An attractive possibility would be that Rad53
senses histones through its known interaction with thesuppressed by a reduction in histone gene dosage. We
investigated this possibility by deleting the HHT2-HHF2 histone chaperone Asf1 (Emili et al., 2001; Hu et al.,
2001). However, asf1 mutants were not sensitive to his-histone gene pair, which produces approximately 7-fold
more H3/H4 transcripts than the other gene pair (HHT1- tone overexpression (Figure 1A) or deficient in degrading
excess histones (A.G., unpublished data). To gain insightHHF1) in haploid yeast cells (Holmes and Smith, 2001).
Cells lacking this gene pair are surprisingly normal de- into how Rad53 senses excess histones, we determined
whether TAP-tagged Rad53 was associated with his-spite the lack of dosage compensation from HHT1-
HHF1. This argues that HHT1-HHF1 alone provides suffi- tones. Endogenous histone H3/H4 were associated with
both wild-type and a “kinase dead” mutant of Rad53cient amounts of histones for nucleosome assembly.
Remarkably, the hht2-hhf2 gene pair deletion sup- (Figures 6A and 6B). Upon histone overexpression, the
amount of endogenous histone H3 associated with thepressed the sensitivity of rad53 cells to low doses
of HU (Figure 5A). This deletion also led to extensive wild-type kinase decreased, while the amount of galac-
tose-induced tagged H3 increased. This result suggestssuppression of MMS and Bleocin sensitivities in rad53
cells (Figures 5A and 5B). This suppression of the DNA that excess histones transiently associate with a com-
plex containing Rad53. In contrast, high levels of bothdamage sensitivity of rad53 cells by deletion of the
hht2-hhf2 histone gene pair suggests that their DNA the endogenous and overexpressed histone H3 were
associated with the Rad53 “kinase dead” mutant (Figuredamage sensitivity partly results from the cytotoxicity
of excess histones. 6A). This suggests that the kinase activity is required
to prevent accumulation of histones in this complex,Histone overexpression in yeast results in increased
rates of chromosome loss (Meeks-Wagner and Hartwell, presumably by triggering their degradation. We further
confirmed the existence of a complex between Rad531986). Not surprisingly, rad53 mutants also have been
reported to have increased rates of chromosome loss and histones by immunoprecipitation of HA-tagged his-
tone H3 and both the wild-type and mutant kinase were(Klein, 2001). This may be due to the accumulation of
excess histones following DNA replication in rad53 mu- clearly found to be associated with it (Figure 6A).
The presence of histones in the Rad53 complex sug-tants (Figures 3A and 3B). Interestingly, disruption of
the hht2-hhf2 histone gene pair significantly suppressed gested that Rad53 might be binding histones via the
histone chaperone Asf1. We tested this possibility bythe abnormally high chromosome loss observed in
rad53 mutants (Figure 5C). Rad53 also plays a role in immunoprecipitation of Rad53-TAP from an asf1 strain.
Histones were still associated with Rad53 in asf1 cells,normal cell cycle progression that is independent of
Cell
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Figure 5. Disruption of the hht2-hhf2 Histone Gene Pair Significantly Suppresses the DNA Damage Sensitivity, Chromosome Loss, and Slow
Growth Phenotypes of rad53 Cells
(A) Suppression of DNA damage sensitivity. Wild-type (W303), rad53 sml1-1 (U960-5C), and rad53 sml1-1 hht2-hhf2 (YAG108) strains were
grown overnight in YPD and plated in 10-fold serial dilutions on YPD plates containing DNA damaging agents. The plates were incubated for
4 days at 30C.
(B) MMS survival assay. Wild-type (W303), rad53 sml1-1 (U960-5C) and rad53 sml1-1 hht2-hhf2 (YAG110) cells were plated in duplicate
on plates containing various concentrations of MMS. Colonies were counted after 4 days at 30C.
(C) Suppression of chromosome loss phenotype. Strains carrying the SUP11 suppressor of the ade2-101 mutation in a nonessential extra
chromosome consisting of the left arm of chromosome III were assayed for chromosome loss based on the red colony color produced upon
loss of the extra chromosome.
(D) Slow growth suppression. Wild-type (W303), hht2-hhf2 (YAG106), rad53 sml1 (YJT75), and rad53 sml1 hht2-hhf2 (YAG109) strains
were grown overnight in liquid YPD. Cells were plated on YPD and photographed after 30 hr at 30C.
showing that Asf1 was not required for this interaction The HA-tagged histone was immunoprecipitated from
WCEs prepared from the labeled cells, resolved by SDS-(Figure 6B). This result implied that Rad53 was binding
histones either directly or through other histone chaper- PAGE, and subjected to autoradiography. We did not
detect any phosphorylation of the tagged histone H3,ones. We did not detect any binding of Rad53 to histones
in vitro using recombinant proteins (A.V., unpublished though it was clearly expressed in significant quantities
in both wild-type and rad53 mutant cells as judged bydata), suggesting that Rad53 may not be binding his-
tones directly. We then turned our attention to other Western blotting (Figure 6D). This suggests that either
Rad53 does not phosphorylate histones in vivo or thatknown histone chaperones through which Rad53 could
potentially bind histones. However, Cac1, Hir1, and Hir2 histones phosphorylated by Rad53 are rapidly degraded
and hence undetectable.were all dispensable for the interaction of Rad53 with
histones (Figure 6B). We also immunoprecipitated Cac1-
FLAG, Hir1-FLAG, and Hir2-FLAG and found substantial Discussion
amounts of histones H3 and H4, but no Rad53 associ-
ated with them (Figure 6C). This result suggests that In this study, we showed that the kinase activity of Rad53
was required to degrade excess histones. As a conse-these histone chaperones are unlikely to contribute to
histone binding by Rad53. Hence, the most likely possi- quence, cells lacking Rad53 were extremely sensitive to
histone overexpression and exhibited abnormally highbility is that Rad53 binds histones through some other
unknown histone chaperone. amounts of histones bound to chaperones such as
CAF-1 and Hir proteins. Remarkably, the slow growth,The in vitro phosphorylation of core histones by puri-
fied Rad53-TAP (Figure 4C) raised the interesting possi- DNA damage sensitivity, and chromosome loss pheno-
types of rad53 mutant cells were substantially sup-bility that Rad53 may phosphorylate excess histones in
vivo, thereby targeting them for degradation. We investi- pressed by a reduction in histone H3-H4 gene dosage,
arguing that these phenotypes were partly due to angated this by extensive metabolic labeling with [32P] or-
thophosphate in cells expressing HA-tagged histone H3. imbalance between histone and DNA synthesis. We
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Figure 6. The Kinase Activity of Rad53 Modulates Dynamic Histone Binding to Rad53 in a Complex that Is Independent of Asf1, Cac1, Hir1,
or Hir2
(A) Rad53 is associated with histones in vivo. Strains carrying the 2-URA3-GAL-HIS10-HA-HHT2 plasmid were grown overnight in raffinose
containing media without uracil. Where indicated, cultures were treated with 2% galactose for 3 hr to induce expression of HA-tagged H3.
WCEs were prepared and either Rad53-TAP or the HA-tagged overexpressed histone H3 was immunoprecipitated and coprecipitated proteins
were detected by Western blotting with HA (middle panel) or H3-C antibodies (lower panels). *, N-terminal breakdown product of endogenous
H3 detected by H3-C antibody.
(B) Histones associate with Rad53 in cells lacking Asf1, Cac1, Hir1, and Hir2. Rad53-TAP was immunoprecipitated from WCEs prepared from
strains lacking each histone chaperone and the presence of coprecipitated histones was analyzed by Western blotting.
(C) Cac1, Hir1, and Hir2 do not associate with Rad53 in vivo. WCEs prepared from strains carrying FLAG-tagged histone chaperones were
immunoprecipitated with FLAG antibody beads and analyzed by Western blotting for the presence of associated Rad53 and core histones.
(D) Non-chromatin bound excess histones do not appear to be phosphorylated in vivo. Strains carrying 2-URA3-GAL-HIS10-HA-HHT2 or
pYES2 were grown overnight in raffinose containing media without uracil. The cultures were then treated with -factor for 90 min followed
by addition of 2% galactose in the continued presence of -factor. Thirty minutes after the addition of galactose, fresh -factor and [32P]
orthophosphate (0.5 mCi/ml; 20 mCi total) was added for a period of 2 hr prior to harvesting the cells. HA-tagged histone H3 was immunoprecipi-
tated with 12CA5 antibody beads and analyzed by Western blotting and autoradiography.
found that newly synthesized histones associated with cancer chemotherapeutic drugs that interfere with DNA
replication also have the same consequence and excessRad53 in a dynamic complex. Interestingly, this complex
contained higher amounts of histones when the kinase histones are, at least in part, responsible for the cytotox-
icity of these drugs.activity was impaired. These results document the exis-
tence of a Rad53 kinase-dependent surveillance mecha- Our results highlight the importance of understanding
the mechanisms that enable Rad53 to sense and re-nism that regulates histone levels during both normal
cell cycle progression and in response to various forms spond to an imbalance between histone and DNA syn-
thesis. A large fraction of Rad53 molecules exist in aof DNA damage (Figure 7). We showed here that MMS
damage, which slows down DNA replication, led to an complex with Asf1 that dissociates following DNA dam-
age or replication arrest (Emili et al., 2001; Hu et al.,increase in histones bound to CAF-1 and Hir proteins.
We propose that any genotoxic agent that substantially 2001). However, it is not clear that the interaction be-
tween Asf1 and Rad53 is involved in responding to ex-blocks replication will trigger rapid saturation of histone
chaperones and the appearance of free histones (Figure cess histones because asf1 mutant cells are not sensi-
tive to histone overexpression and do not exhibit a7). Inhibition of DNA replication results in an accumula-
tion of newly synthesized histones in human cells significant defect in degradation of excess histones
(A.G., unpublished data). Thus, Rad53 can sense and(Bonner et al., 1988). It is therefore likely that numerous
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Figure 7. Regulation of Histone Protein Levels by Rad53
During early or mid S phase, the rates of histone and DNA synthesis are balanced such that histones are not present in excess of their
requirement for chromatin assembly. However, the drastic reduction in rates of DNA synthesis that occurs during late S/G2 phase or upon
DNA damage during S phase results in saturation of histone chaperones and the appearance of excess histones. Rad53 detects excess
histones and targets them for degradation, thereby preventing nonspecific binding of these free histones to chromatin, which interferes with
many processes that require access to genetic information.
respond to the accumulation of excess histones inde- quitin ligase independent (Pickart and Vella, 1988; Haas
et al., 1990). The identification of proteins that act down-pendently of Asf1. Consistent with this, we find that
Rad53 and histones exist in a complex even in asf1 null stream of Rad53 will be necessary to elucidate the exact
mechanism by which excess histones are degraded.mutant cells. One possibility is that Rad53 may interact
with other histone chaperones. However, none of the Histones packaged into chromatin are metabolically
stable for many cell divisions (Commerford et al., 1982).known histone H3/H4 chaperones we tested were
needed for histone binding to Rad53, suggesting that In striking contrast, we showed that histones expressed
in cells where they cannot be packaged into chromatinother chaperones may be involved. An intriguing alterna-
tive is that Rad53 may bind and phosphorylate histones were rapidly degraded in a Rad53 kinase-dependent
manner. Clearly, the ability of Rad53 to trigger degrada-directly, thereby targeting them for degradation. Though
we did not detect any direct binding of Rad53 to histones tion of newly synthesized histones must be carefully
regulated. For instance, embryonic cells in Xenopus andusing recombinant proteins in vitro, we cannot eliminate
the possibility that the interaction may require posttrans- Drosophila need to stockpile a large excess of soluble
histones (as much as 20,000-fold excess of histoneslational modifications of either Rad53 or newly synthe-
sized histones. Further, although we found that core over DNA in Xenopus oocytes) to meet the massive
demand for nucleosome assembly during the rapid cellhistones can be phosphorylated directly by Rad53 in
vitro, metabolic labeling experiments failed to detect divisions that occur in the absence of zygotic transcrip-
tion (Woodland and Adamson, 1977). In these cells, his-any in vivo incorporation of radiolabeled phosphate into
overexpressed histones under conditions where these tones H2A/H2B are stored as complexes with nucleo-
plasmin, while H3/H4 are bound to N1/N2 (Dilworth ethistones were degraded in a Rad53 kinase-dependent
manner. However, we cannot rule out that phosphoryla- al., 1987). However, other histone chaperones are also
important in the early Xenopus embryo, as dominant-tion of histones by Rad53 may trigger their rapid degra-
dation, as is the case for a number of proteins that are negative forms of CAF-1 result in cell death and develop-
mental arrest (Quivy et al., 2001). Although it is possibledegraded via ubiquitylation. Alternatively, Rad53 kinase
activity may be required to activate enzymes that func- that the surveillance mechanism that triggers degrada-
tion of excess histones is absent in early embryoniction in histone degradation. Interestingly, a number of
ubiquitin-conjugating enzymes are capable of modifying cells, we favor the view that histones are simply pro-
tected from degradation by virtue of their associationsoluble histones, and histone degradation in vitro is ubi-
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with histone chaperones such as N1/N2 and nucleo- phase may be necessary to signal the need to repress
plasmin. Other histone chaperones such as CAF-1, Hir histone gene expression in yeast (Sutton et al., 2001) or
proteins, or Asf1 may also protect newly synthesized degrade histone mRNAs in higher eukaryotes (Dominski
histones from degradation and perhaps only free his- et al., 2003). Maintenance of a delicate balance between
tones can be degraded by Rad53. histone and DNA synthesis is likely to be a challenge
The role of Rad53 in preventing the accumulation of for all eukaryotic cells. We are currently investigating if
excess histones is distinct from the DNA damage re- CHK2 (an ortholog of Rad53) or its direct target, the
sponse in one important aspect. The fact that both Mec1 p53 tumor suppressor protein, is involved in regulating
and Tel1 are dispensable for cells to survive histone histone protein levels in human cells.
overexpression argues that the basal activity of the
Experimental ProceduresRad53 kinase is sufficient to cope with excess histones.
This is not surprising, given that the rad53K227A mutant,
Yeast Strains, Plasmids, Western Blotting,which has a severely crippled kinase activity, is viable
and Chromosome Loss Assays
without disruption of the SML1 gene (Fay et al., 1997; These procedures are described in detail in the Supplemental
Pellicioli et al., 1999). In addition, there is no evidence Data available online at http://www.cell.com/cgi/content/full/115/5/
that an increase in Rad53 kinase activity is necessary 537/DC1.
to degrade the ribonucleotide reductase inhibitor Sml1
Fractionation of Soluble and Chromatin-Associated Proteinsduring normal S phase progression. There are two rea-
Approximately 1  108 cells were harvested, washed, and resus-sons why the lack of requirement for Mec1 and Tel1 is
pended in spheroplasting solution (24 mM Tris-HCl [pH 7.5], 0.6 M
likely to be important. First, maintaining the balance sorbitol). Spheroplasts were prepared by digestion with 1 g/ml
between histone and DNA synthesis is a housekeeping Oxalyticase (Enzogenetics, Corvallis, OR) in a total volume of 1 ml
function of Rad53 that prevents accumulation of excess at 30C for 10–15 min. Spheroplasts were lysed by addition of 3.33%
Triton X-100 and the chromatin separated from the soluble proteinshistones during normal cell cycle progression. Because
as described in Figure 2B.excess histones do not cause DNA damage directly,
their detection during normal S phase progression can-
Immunoprecipitationnot rely upon DNA damage-dependent activation of
For immunoprecipitation of tagged proteins, cells were harvested
Mec1 and Rad53. Second, histone accumulation would from 1 liter cultures at2 107 cells/ml. Whole-cell extracts (WCEs)
occur immediately following the abrupt decrease in DNA were prepared by grinding cells in liquid nitrogen in a SPEX CertiPrep
replication that occurs as a result of DNA damage during 6850 Freezer Mill in 20 ml lysis buffer containing protease and phos-
phatase inhibitors (20 mM Hepes-KOH [pH 7.5], 110 mM potassiumS phase. The fact that activation via upstream kinases
acetate, 10% glycerol, 0.1% Tween-20, 1 mM sodium vanadate, 50is not necessary might thus provide Rad53 with the
mM sodium fluoride, 50 mM sodium -glycerophosphate, 10 mMability to respond very rapidly to histone accumulation
sodium butyrate, 10 mM 2-mercaptoethanol, and 1X Roche proteaseand minimize their cytotoxic consequences. Activation inhibitor cocktail). Extracts from equal amounts of cells were incu-
of the Rad53 kinase by Mec1 and Tel1 would be required bated overnight at 4C with FLAG M2 (Sigma), or 12CA5 (BABCO)
to respond to DNA damage, but not the presence of antibody agarose beads or IgG sepharose (Amersham Biosciences)
to immunoprecipitate FLAG-, HA-, and TAP-tagged proteins, re-excess histones. The suppression of rad53 mutant phe-
spectively. The immunoprecipitated material was resolved in SDS-notypes by a reduction in histone gene dosage illus-
18% polyacrylamide gels and probed for the presence of FLAG-,trates the crucial role of Rad53 in minimizing the damag-
HA-, or TAP-tagged proteins and co-immunoprecipitated histoneing effects of excess histones. Remarkably, yeast cells
H3 or H4 by Western blotting. Rad53-TAP bound to IgG-sepharose
with only one histone H3-H4 gene pair do not exhibit beads was used directly for in vitro kinase assays.
any obvious phenotype (Holmes and Smith, 2001). This
argues that cells where both gene pairs are functional Rad53 Kinase Assays
Rad53-TAP bound to IgG-sepharose beads was equilibrated bysynthesize more histones than necessary for nucleo-
three washes in kinase buffer (40 mM Hepes-NaOH [pH 8.0], 1 mMsome assembly. This strategy may be important to en-
DTT, 0.1 mM EGTA, 20 mM MgCl2, 20 mM MnCl2, and 100M sodiumsure that all newly synthesized DNA is rapidly assembled
orthovanadate). Reactions were carried out in a total volume of 20into chromatin, while Rad53-dependent degradation
l by incubating 5 l beads with 5 Ci [	-32P]ATP (8000 Ci/mmol,
would ensure that newly synthesized histones never ac- ICN) for 1 hr at 30C. For reactions involving the use of core histones
cumulate in excess of histone chaperones. Due to a as substrates, 1 g of an equimolar mixture of the four core histones
reduction in the number of active replication forks, the was used per reaction. The reaction was terminated by addition of
230 l ice-cold 0.1 M glycine-HCl (pH 2.5) to release Rad53-TAPtotal rates of DNA synthesis and the demand for histone
from the IgG-Sepharose beads. The reaction tubes were centrifugedand dNTP synthesis decline rapidly as cells progress
briefly to pellet the beads and the supernatants carefully removedfrom early to late S phase. It seems likely that Rad53
to fresh tubes. Supernatant proteins were TCA precipitated andmay coordinate the rates of histone and DNA synthesis.
analyzed in SDS-18% polyacrylamide histone gels, followed by au-
This would serve the dual purpose of preventing both toradiography (to detect phosphorylated proteins), or Western blot-
the accumulation of excess histones and runaway repli- ting with a peroxidase anti-peroxidase complex (Sigma) to detect
cation in the absence of de novo nucleosome assembly. Rad53-TAP.
An intriguing possibility is that the rates of dNTP and
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